Study area
The study area is located in northeastern Morocco (Fig. 1) . The sampling points of thermal water were scattered throughout the 18,000 km 2 wide Hydraulic Basin Agency of the Moulouya River (HBAM), which discharges into the Mediterranean Sea. Based on the statistics given by HBAM for the year 2010/2011, the discharge is about 7.4 m 3 /s in winter and 1.8 m 3 /s in summer. The region is characterized by an arid climate with low precipitation and relatively high evaporation attaining 360 mm/year. The average temperature in the summer is about 40 °C. The distribution of precipitation is spatially variable with the highest amounts of rain falling in the north. For example, the average annual rainfall in the arid Figuig region totals 120 mm , whereas that of the Triffa plain in the north reaches 327 mm (Yahya et al. 2015) .
The region of the study is mostly composed of Carboniferous schists (especially in the central part of the study area-see Figs. 2, 3); Triassic red clays with evaporites and basalts intercalated with dolomitic limestones; Jurassic carbonates and marls; Cretaceous sandstones, marls, and limestones; Neogene-Quaternary alluvia, gravels, sands, and conglomerates; capped by rhyolites of Neogene age. Generally, the unconfined and The study area hosts numerous faults, which exhibit three main directions: ENE-WSW, NE-SW, and WNW-ESE. The structure of the study area consists of horst and grabens especially in the region of Oujda (Torbi 1988) . The numerous faults play an important role in groundwater circulation, especially those in the Jurassic carbonate formations (Jilali et al. 2015b; .
Methods
Chemical analyses were performed on 10 groundwater samples. These were collected from deep boreholes and springs located in different parts of the study area (Fig. 1) . The samples were located in the city, mountains, and on plains, such as Ben Kachour and Fezouan, Tiggour and Aïn Sidi Aïssa, respectively. An appropriate quality control procedure was carried out and the samples were handled very carefully. All the water samples were collected in polyethylene bottles (filled without leaving any air bubble) and stored in the absence of light at 4 °C, with the results of chemical analyses obtained after 10 days. Field parameters of the pH, temperature, and electrical conductivity (EC) were measured using an ORION STAR A111 and WATER PROOF CC-411. The major ions analyzed were K + , Na labom ag.ma). The precision of the chemical analyses was defined by checking the ionic charge balance. The acceptable error on the ion balance is taken at a maximum of ± 4%.
To deduce the temperature of the geothermal reservoir, different geochemical diagrams were prepared. Data processing was performed using the AquaChem 2011.1 software (Waterloo 2011) to plot different diagrams. The reservoir temperature was estimated by applying various geothermometers: the Na-K-Mg diagram developed by Giggenbach et al. (1983) and Na-K-Mg geothermometers (Truesdell 1976; Fournier 1979; Michard 1979; Arnórsson 1983) , whereas the geochemical modeling software PHREEQC (Parkhurst and Appelo 1999) was used to calculate the mineral saturation index (SI).
Results and discussion

Hydrochemistry
The results of sample analyses are listed in Table 1 (Fig. 3) . Measurements of the pH indicate that the groundwater is slightly acidic to alkaline, except for the hydrothermal water of Aïn Sidi Aïssa (sample 8), which has a pH of 5.46 and a relatively high concentration of HCO 3 − (1082.8 mg/L). This indicates an excess dissolved CO 2 in groundwater that was observed by the release of the gas bubble in the field. The temperature measurements range between 28 and 55 °C with the highest value being recorded in the Ben Kachour borehole (sample 9).
Figures 4, 5 and Table 2 , identify the hydrogeochemical facies using Schöeller-Berkaloff and Piper diagrams, and the AquaChem software. The majority of hydrogeochemical facies are Na-Cl (Samples 3, 4 and 9), Na-Ca-Cl (Samples 1, 6 and 10), Ca-Mg-HCO 3 (Samples 2 and 7), and Na-Ca-HCO 3 (Samples 5 and 8). Mixing of seawater with groundwater explains the changes in chemical composition of samples 1, 3, and 4. The principal changes in groundwater composition are likely due to cation exchange processes with Liassic carbonate formations (i.e., reaction of groundwater with carbonate and the capacity of cation liberation) and an enrichment of the groundwater in Ca and Mg. Reverse cation exchange can be observed at the location of saline water intrusion, where the concentration of sodium increased and that of calcium decreased. For samples 6, 9, and 10, the exchange process was likely due to mixing with cold water (Barkaoui et al. 2014; Jilali et al. 2015a) . Figure 6 shows the scatter diagram of thermal water samples from the Moulouya Basin. The Na and Cl show a good correlation with R 2 equal to 0.96, and a close correlation with the halite dissolution line for seven samples (2, 3, 5, 7, 8, 9 , and 10). These suggest a same origin for the leached soluble salts (i.e., provenance from Triassic formations). In contrast, samples 1 and 4, collected close to the coast of the Mediterranean Sea indicate mixing between seawater and groundwater, with high values of Na. The scatter diagram of Ca+Mg vs HCO 3 /SO 4 shows a high ratio indicating a carbonate and evaporitic source for the thermal waters, i.e., an origin of Ca and Mg from Triassic formations (Belhai et al. 2016) . The highest values of Mg (up to 46 for the most samples) indicate a near-surface reaction that leaches Mg from the Jurassic carbonates (dolomite). The alteration of carbonates and silicates observed in the study area can liberate the Ca, Mg, and HCO 3 from the host rocks. The good agreement between Ca and SO 4 concentrations with R 2 equal to 0.75 (Fig. 6) , and most of the samples being close to the gypsum dissolution line indicate Yurteri and Simsek (2017) . This is confirmed by the presence of deep aquifers in the study area. In contrast, the scatter diagram of Na/Cl vs HCO 3 /SO 4 +Ca confirms that the chemistry of most of the samples is largely controlled by the dissolution of halite and gypsum from the Triassic rock formations. The diagram Cl-SO4-HCO3 (Giggenbach 1991 ) is similar to the Piper diagram used for the classification of natural groundwater. This diagram provides information about water origin and physico-chemical processes that it experienced. The anion-based thermal water classification indicates the presence of three types of water: chloride-, sulfate-and bicarbonate-rich (Fig. 7) . Thus, samples 2, 7, and 8 (Fezouan, Hammat Moulay Yaâcoub and Aïn Sidi Aïssa) belong to the bicarbonate group and can be considered peripheral waters that mixed with cold water. The rest of the samples correspond to the chloride domain and can be considered as mature water.
Geothermometry
To estimate the geothermal reservoir temperature, different methods are used by several authors, such as chemical methods. These methods are based on the reaction between water and minerals. According to Michard (1979) , at low temperature, the reaction between water and minerals reaches equilibrium slowly, and at high temperatures (reservoirs) much faster. With regard to the complexity of the water-mineral reaction, different geothermometers have been developed to estimate the reservoir temperature for the study area. Thus, several authors made estimations of the reservoir temperature, which are summarized in Table 3 (Cidu and Bahaj 2000; Zarhloule et al. 2005; Tassi et al. 2006; Barkaoui et al. 2014 ). In our study, three different geothermometers were used to calculate the reservoir temperature: diagram Na-K-Mg (Giggenbach, 1988) , Na-K-Mg (Truesdell 1976; Fournier 1979; Michard 1979; Tonani 1980; Arnórs-son 1983; Giggenbach et al. 1983; Nieva and Nieva 1987; Giggenbach 1988) , and SI method (Reed and Spycher 1984) .
Diagram Na-K-Mg (Giggenbach, 1988) The estimation of geothermal reservoir temperature using the Na-K-Mg diagram (Fig. 8) shows that the samples are situated close to the Mg pole. The samples belong to two groups: mature waters (fully equilibrated) for Aïn Sidi Chafi and Benkachour, Fig. 8 Geothermal temperature reservoir of the study area using the Na-K-Mg diagram of Giggenbach (1988) highlighting the immature character of the waters from the study area and immature waters (unstable waters or incomplete equilibration, indicating mixing relationships) for the other samples, possibly also due to reactions with wall rock (Liassic dolostone). Using this diagram, the reservoir temperature obtained for the samples ranges between 80 and 170 °C. These results are practically in the same range of reservoir temperature as those calculated by Tassi et al. (2006) and Barkaoui et al. (2014) for the samples: 2, 3, 5, 6, and 9, for 2 and 9 by Zarhloule et al. (2005) , and for 6 by Cidu and Bahaj (2000) . On the other hand, it is possible that the waters represent a mixture of cold shallow water (unconfined aquifer with anthropic activities) with thermal water. In this case, it is essential to use other models or geothermometers to calculate the reservoir temperature.
Na-K-Mg geothermometers
In this case, different geothermometer (Na-K-Mg) equations are used, such as
• T °C = 933/(0.993 + log (Na/K)) − 273.15 (Arnórsson 1983) • T °C = 1319/(1.699 + log (Na/K)) − 273.15 (Arnórsson 1983) • T °C = 855.6/(0.8573 + log (Na/K)) − 273.15 (Truesdell 1976) • T °C = 908/(0.7 + log (Na/K)) − 273.15 (Michard 1979) • T °C = 1217/(1.483 + log (Na/K)) − 273.15 (Fournier 1979) • T °C = 1390/(1.52 + log (Na/K)) − 273.15 (Giggenbach 1988) • T °C = 4410/(14 − log (K 2 /Mg)) − 273.15 (Giggenbach et al. 1983 ) • T °C = 1178/(1.47 + (log (Na/K)) − 273.15 (Nieva and Nieva 1987) • T °C = 833/(0.78 + log (Na/K)) − 273.15 (Tonani 1980) The results obtained using nine different Na-K-Mg geothermometers are shown in Table 4 . The temperature estimated varies a lot between one model and another for the same sample, and is higher than that measured in the field. Some results are incorrect (i.e., Ben Kachour and Aïn Sidi Chafi with a temperature of 43.0, 30.8, and 38.6 °C for the geothermometers of Arnórsson (1983) and Truesdell (1976) , respectively), because the temperature calculated is lower than that measured in situ. The temperature estimated for the remaining samples except Hammat Moulay is practically in the same range as the results obtained using the Na-K-Mg diagram (Fig. 8) . By comparing our results with Cidu and Bahaj (2000) , Zarhloule et al. (2005) , and Barkaoui et al. (2014) , we can conclude that the range of geothermal reservoir temperatures is different from one author to another, but the average temperature is quite similar. The most striking observation is the large interval of the estimated geothermal reservoir temperature. Because of this, another way to estimate reservoir temperature, the saturation index method (Reed and Spycher 1984) , was applied to pinpoint a more narrow temperature range.
Saturation index
The Saturation Index method of estimating the reservoir temperature was developed by Reed and Spycher (1984) . This method is based on the fact that the composition of water is slightly modified during the rise of water at the surface; and the SI is calculated for each temperature: 75, 100, 125, 150, 175, and 200 °C. The results of temperature vs SI for all samples are plotted in Fig. 9 . The water reservoir temperature is related to the equilibrium of a maximum of minerals (SI = 0) and is higher than that measured in situ. Figure 9 shows that anhydrite and dolomite are close to equilibrium (SI ~ 0) for the samples 1, Fezouan, Hamma Naliw Amar, Hammam Chaâbi, Aïn Hamra (Aïn Chifa), 
Conclusions
This study investigated thermal waters in the hydraulic basin of the Moulouya River. The results show a high temperature (55 °C) in the Benkachour borehole. We used the hydrochemical facies identified, such as Na-Cl, Na-Ca-Cl, Ca-Mg-HCO 3 , and NaCa-HCO 3 , and various geothermometers to estimate the temperature of the geothermal reservoir. The temperature obtained ranges between 80 and 170 °C, with the results obtained by the different methods being in good agreement. On the other hand, the estimated reservoir temperature for Hammat Moulay Yaâcoub (sample 7) demonstrates very high values, with an average of 295 °C using Na-K-Mg geothermometers. Therefore, other geothermometers such as a silica geothermometer are suitable to limit the interval of estimated reservoir temperature.
